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Abstract. Coolant technologies have become increasingly used within twist-drill ma-
chining. Internal helical coolant channels are a common means of delivering high-pressure
coolant directly to the cutting edge to increase the transfer of heat away from the cutting
edge and to aid with chip evacuation. However, the complex behaviour of Coriolis and
centrifugal forces generated by large angular velocities and the curvature of the coiled
channel govern the highly turbulent flow of coolant. This research uses Computational
Fluid Dynamics (CFD) to study the design of internal coolant channels across the internal
section of the drill bit.

1 INTRODUCTION

Since the first report of cutting fluids in 1894 by F. Taylor [1], the use of cutting fluids
within the twist-drill machining of metals has increased. Internal helical coolant channels
are a common method of applying coolant directly to the cutting edge, main source of
heat from the drilling process, without having the delivery of coolant obstructed by chips
exiting the cutting zone. The use of this coolant technology has been shown to increase
tool life by lowering the operating temperature of cutting tools, improving average surface
finish [2] and has also been observed to aid chip evacuation which prevents tool breakage
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The complex influence of Coriolis and centrifugal forces generated by large angular veloc-
ities (up to 14,000rpm) and the curvature of the coiled channel have a significant impact
on the highly turbulent flow of this coolant. Furthermore, the free surface flow, chip
generation and transportation and heat transfer located at the cutting zone makes this
a particularly complex problem. Due to limitations in experimental methods there is a
limited understanding of cutting fluid behaviour in the the transport of heat and cut-
tings away from the cutting zone. In light of these limitations, a numerical approach has
been adopted using Computational Fluid Dynamics (OpenFOAM, www.openfoam.org)
to understand and improve the delivery of coolant to the cutting zone.

Inlet

Outlet

Figure 1: (Left) Example drill geometry containing helical coolant channels [4]. (Right) Illustration of
helical coolant channel.

2 MATHEMATICAL MODEL
2.1 GOVERNING EQUATIONS

The through-tool flow of coolant is assumed to be single phase, isoviscous and isother-
mal as heat is localised at the cutting edge. Steady-state incompressible Navier-Stokes
equations are solved for Newtonian flow, using finite volume discretisation. The solver
uses the SIMPLE algorithm for pressure-velocity coupling. Rotation is accounted for by
solving the momentum equation for relative velocity, U,., and including Coriolis forces as
source terms, this implies that there is no mesh movement for the rotation of the drill.
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The formulation of the Navier-Stokes equations in the rotating frame of reference is
Vou =0 (1)

V-(uT®uT)+29><ur+Q><Q><r:—V(E)+VV-V(uT) (2)

p

Where pressure is p, density p, viscosity v, €2 is the speed of rotation in rad/s and r is
the radial position vector from the centre of rotation. Dirichlet boundary conditions are
prescribed for velocity at the inlet and for outlet pressure and no-slip conditions are set
for the walls, from this the pressure drop across the internal coolant channel was then
calculated.

Preliminary experiments performed at a Sandvik Coromant facility calculated an average
velocity of 80m/s for 40mm drills and 60m/s for 120mm drills with a radius 0.5mm using
water. This data was used for inlet velocity boundary conditions within numerical cal-
culations. With corresponding Reynolds (Re) numbers between 30,000 < 80,000, Dean
(Dn) numbers within the range of 1000 < 3000 and Rossby (Ro) numbers above 20,000.
These dimensionless numbers are defined as

Re:—pUL
1
L\ 2
Dn = Re| — 3
n 6(2D> (3)
U
Ro= 7%

where p liquid viscosity, U the average velocity, L is the length scale, F' is the angular
velocity and D the helix diameter. The large Reynolds number suggests the flow is
turbulent; this was accounted for by using a standard k-epsilon turbulence model with
wall-functions. The large Rossby number implies that rotation will not have a significant
effect on the flow of coolant and the large Dean number implies large centrifugal forces
caused by channel curvature. This analysis suggests that centrifugal forces will have the
dominant effect over Coriolis forces due to the axial velocity of the fluid being considerably
larger than the speed of rotation

2.2 MESH GENERATION

A structured straight pipe mesh was initially created with arc length defined parallel
to the z axis. The centre-line of a helix with helix radius r and pitch 6 is constructed
using the equations

x(t) = rsin(t)

y(t) = rcos(t) (4)

3



AS. Johns, RW. Hewson, E. Merson, JL. Summers and HM. Thompson

2(t) = ct

Where 7, ¢ and 6 are illustrated in Figure 1 and are the radius of the helix, distance
between coils and pitch respectively. 6 is defined as

0 — sin”! (4—;") (5)

The channel radius is accounted for by scaling the cross section of the straight pipe during
transformation, for this work coolant channels with a radius of 0.5mm are examined.
When transforming the pipe into a helix, the z coordinate of the straight pipe identifies
the point’s position along the arc length and maps the arc length of the straight pipe
to the corresponding helical centre-point position, R(s), in addition to the T(s), N(s)
and B(s), which are the tangent, normal and bi-normal unit vectors at R(s). These are
defined using the Frenet Serret formula as shown in Figure 2 and equations 6

where k is the curvature and 7 the torsion. The transformation is performed by translating
points by the appropriate centre point of the helix before rotating by the N(s) and B(s)



AS. Johns, RW. Hewson, E. Merson, JL. Summers and HM. Thompson

unit vectors to correct the inclination of the cross section. The resulting transformation
can be seen in Figure 1 and is expressed formally as

H(s) = R(s) + P:(s)N(s) + P,(s)B(s) (7)

Here H(s) is the transformed position of any point along the arc length s, P,(s) and P,(s)
are the cross sectional x and y coordinates respectively of any point along the straight
pipe at arc length s.

3 MESH SENSITIVITY ANALYSIS

In order to ensure all flow features are accurately captured a mesh sensitivity study
was performed. As a result of adopting a transformation approach when representing
the geometry of coolant channels, resolution is not defined relative to global Cartesian
coordinates. Mesh resolution is defined relative to the helix arc length and across the
diameter of each channel cross section. Here, arc length resolution represents the number
of cross sections used to represent the channel. The effects of mesh resolution were studied
by examining the change in predicted pressure drop as a function of arc length resolution
and cross section resolution for an extreme case of 60° pitch, drill length 40mm and radial
spacing of 3.3mm. These results are shown in Figure 3. (Left) examines the change in

ArcLength Resolution
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Figure 3: Mesh sensitivity study, the change in predicted pressure drop when changing (Left) cross
section resolution across the diameter and (Right) arc length resolution.

calculated pressure drop as the number of cells across the diameter of each cross section
varies. Current mesh refinement was found reasonable as the pressure drop fluctuated
by less than 2% when increasing resolution. (Right) displays the total number of cells
against the predicted pressure drop, cross section resolution is constant and arc length
resolution is iteratively increased. The circled point was chosen for the model because
predicted pressure drop varies by less than 5% when further increasing the number of cells
by a factor of 2.
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4 FRICTION FACTOR ANALYSIS

CFD predictions of pressure drop are validated against friction factor correlations de-
rived from stationary helical flows due to general lack of experimental data encompassing
rotating helical flows. Guo [6] experimentally investigated the frictional pressure drop
for stationary helical flows at Reynolds numbers up to 150,000. Friction factors were
calculated for stationary helical flow simulations using the same expression

_ fenmR pu? 3

4o 2 ®)
Here f. is the friction factor for curved pipes, n is the number of coil loops and u the mass
velocity in m/s. Figure 4 shows our present predictions in comparison with the friction
factors predicted using Guo’s [6] correlations. Our friction factor coefficients show good
agreement with Guo’s friction factor correlation [6], our calculated friction factors are
within 20%, despite using channels ten times smaller in diameter.
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Figure 4: Comparison of friction factor coefficients, our model o (numerical), Guo ¢ [6] (empirical).

5 EFFECTS OF ROTATION

The effects of co-rotation and counter rotation on the flow structure within helical
channels have been thoroughly researched by Yamamoto [7]. Co-rotation is where the
helix rotates in the direction of axial flow and counter-rotation is rotation in the opposite
direction of axial flow. Yamamoto’s numerical modelling of rotating helical channels found
that the centrifugal and Coriolis secondary flow forces operate in an additive sense for
co-rotation, strengthening the secondary flow. However for counter-rotation, the Coriolis
forces are shown to compete against the centrifugal forces.

In the application of twist-drill machining, the problem is bound to co-rotation due to
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the geometry of the cutting tool. Numerical tests were carried out for a fixed geometry
with pitch 30°, channel diameter of 1mm, helix radius of 3.3mm and an unconstrained
speed of rotation 0 < 10,000rpm. Figure 5 displays pressure drop as a function of speed
of rotation in rpm; as the speed of rotation increases the pressure drop increases at a very
small and constant rate. As suggested by large Rossby numbers in Section 2.1, it is clear
that rotation has little effect on the flow of high pressure coolant through small twist
drills, as can be seen by the difference in pressure drop between 0 and 10,000rpm being
less than 1%. However pressure drop is not completely independent of rotation and in
order for rotation to take a more significant effect on the flow of coolants, channels either
need to be positioned further from the centre of rotation or the supply of coolant needs
to be reduced.

a 1000 2000 3000 4000 5000 6000 7000 @000 8000 10000
pm

Figure 5: CFD pressure drop calculation as a function of speed of rotation

6 SECONDARY FLOW

Research by Yamamoto [7, 8, 9, 10, 11, 12] and Zhang [13] provide insight into the
secondary flow behaviour of fluids through rotating helices. Figure 6 compares contours
of the axial flow calculated by Yamamoto for co-rotating helices. However, their research
numerically studies helices of different curvature and torsion at much smaller Dean num-
bers, although the size, shape and number of cells will be different for this research a
similar axial motion is to be expected. As demonstrated in Figure 6, our model mirrors
velocity contours seen in previous helical flow studies and therefore realistically models
the velocity profile through rotating helices.

7 DISCUSSION

A CFD model for steady state flow through internal coolant channels has been con-
structed within this research which shows to have agreement with a number of previous
works encompassing helical flows and internal coolant channels. Agreement with Guo’s
friction factor correlation [6] has been found. The effects of curvature observed in Hiittl’s

7
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Figure 6: (Left) Axial helical velocity contour from our model. (Right) Axial velocity contour calculated
by Yamamoto [7]

work on helical channels [14, 15] are also reproduced in this study. Typical helical flow
behaviour described by Yamamoto [7] and Zhang [13] has also been reproduced. Finally,
drill coolant channel flow has been shown to have a small dependence on angular velocity,
which is in agreement with the Rossby number. Multiphase modelling will be the focus of
future work to gain an understanding of what happens in the cutting zone under realistic
operating conditions. This research would enable the analysis of the effects of channel
size, shape and positioning on the direction of coolant at the channel exit and identify
areas of the tool which require additional cutting fluids.
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